INTRODUCTION
Adhesive bonding of aluminum holds some possible advantages over the traditional methods of construction in the aerospace industry. However, there is uncertainty about the mechanism of adhesive bonding and the changes occurring during environmental attack which reduce the bond strength. An improved understanding will aid in the development of better techniques for non-destructive testing (NDT) of joints by determining what properties should be measured and willlead to the development of better adhesive systems.
An aluminum-aluminum adhesive joint is composed of three main layers. The adherends are usually a few millimetres thick with a layer of epoxy adhesive between one and three hundred microns thick between them. The surface of the adherends is pre-treated to produce a thin layer of porous aluminum oxide which has a honeycomb-like structure. The epoxy penetrates into these honeycomb cells or pores to a depth determined by the type of pre-treatment and the viscosity of the adhesive. The resulting layer ( or 'interlayer' as it will be referred to in this paper) between the adhesive and adherend is therefore a microcomposite and it is typically on the order of one micron thick. Joints which have been in use for some time, especially ones which have been subject to environmental attack, usually experience a failure along the plane of the interlayer. Therefore, characterisation of this interlayer is very important to understanding adhesive joints and how they are affected by environmental factors. However, exarnination of the interlayer through the adherends which are three orders of magnitude thicker is a difficult challenge for NDT techniques.
Given this problem, this work is a step back from NDT sturlies of adhesive joints. The technique of quantitative acoustic rnicroscopy has been used to gain information on physical properties in previous work [1] . The method does not provide a practical nondestructive test for adhesive joints since it requires the oxide layer tobe at the surface, but it provides information about the properlies which must be measured in a practical test.
SPECIMENS AND MODELLING
All oxide filrns created have been oxalic acid anodised films grown in a 0.25 molar solution of oxalic acid at a constant current of 25 mA/cm 2 • The thickness of the film grown (which varied from 1 to 90 Jlm) was governed by the time of anodisation. The greatest attraction of oxalic acid anodisation (OAA) is the ability to grow films which are very regular and have a uniform distribution of pores as well as pores of fairly constant diameter through the thickness of the film. An additional bonus is that this kind of anodisation can be used to grow very thick films which are useful in the low frequency ultrasonic measurements. OAA filrns are also very sirnilar in structure to those created by one of the most popular commercial surface pretreatrnents, phosphoric acid anodisation. The simplified physical model for the oxide film is a layer with circular pores of a constant diameter which extend entirely through the film. The pores are all parallel, uniforrnly distributed and oriented normal to the plane of the film. Because this structure is uniform in the plane of the film but different in the direction normal to it, it is assumed to be transversely isotropic. The plane of the film is taken tobe the 1 -2 plane while the direction normal to the film is axis 3. This physical model is sirnilar in structure to a fibre reinforced composite material with the honeycomb cell walls as the matrix and the pores (empty or filled with epoxy) as the fibres. The mathematical modelwas developed by Nielsen [2] and used successfully by Wang and Rokhlin [3] . It was originally created for composite materials and predicts the properlies of a two phase material from the properties of its isotropic constituents. The properties are given as a function of the volume ratio of the materials (porosity of the film in this case).
All specimens have been created with 'superpure' alumirrum substrates, the purity being greater than 99.99%. Etching and anodising anormal alumirrum alloy can create pits or ridges and troughs due to impurities in the surface of the metal or in the anodising solution and the signal from an acoustic rnicroscope is prone to scatter from a surface such as this. All specimens were electropolished.
The epoxy used to coat the oxide layers is Ciba-Geigy Araldite AY103 with Hardener HY951. The nominal thickness ofthe epoxy layers is 15 Jlm. The epoxy was cast onto the specimens and then air dried for 24 hours. The samples were then post-cured by heating to 60° C for 4 hours.
ELECTRON MICROSCOPY
The scanning electron microscope (SEM) was employed to confirm the more general features of the films on the specirnens. Layer thickness and uniformity was checked on selected samples. Also, the surface and the interior of a fractured thick film were examined to ensure the grosser features appeared as they were expected.
The most detailed transmission electron microscope (TEM) work was done on an OAA film of 42 Jlm thickness. Micrographs of the surface of the film and sections through its thickness confirmed the assumptions of the physical model. The micrographs show the pores in the film penetrating from the surface to the substrate. They are all of a uniform size and are distributed evenly across the film. The pore diameter and population density do vary slightly through the thickness of this film resulting in a porosity decrease from 28% at the surface to 15% at the bottom of the film, the average value being 20%. This value for overall porosity is slightly lower than expected for this type of film, based on previous experience. However, at 42 Jlm this film is much thicker than films usually prepared, and certainly thicker than the anodic films of standard surface pre-treatments. 1t is known that the variation in porosity is much less for thinner films of this type. Other surface pretreatments do create films which vary in structure through their thickness and it may be necessary to refine the model into a series of layers for future work. For these samples, however, a single layer of 20% porosity is assumed.
NORMAL INCIDENCE REFLECTION COEFFICIENT MEASUREMENTS Measurements
A low frequency ultrasonic transducer (useable bandwidth: 10 to 70 MHz) was positioned to transmit the pulse normal to the surface of the immersed sample and the signal reflected from the anodised surface was captured. The water path length between the transducer and the specimen and the thickness of the aluminum substrate were sufficiently large for the reflection of interest to be gated out from subsequent reverberations. The water and substrate could therefore be considered tobe semi-infinite. Therefore, if the thickness is known, the value of c can be determined by measuring fres. At the maximum point, which occurs at half the above frequency (fhatt), the reflection 
where z1, z2 and z3 are the acoustic impedances of the water, the oxide layer along axis 3, and the alurninum respectively. The acoustic impedance is given by the product of sound velocity and density. Therefore, if the acoustic impedances of the water and the aluminum are known, z2 can be calculated by measuring Rhaif· Since the film acoustic velocity has already been calculated, the film density can now be calculated. Using this value for density and the measured value of porosity from the TEM pictures, the density of the film cell walls can be calculated. Now, given the value for the film density, the following relationship between acoustic velocity, density (p) and the elastic constant C33 c = Jc;3 yields a value for C33 • Then, given the porosity measured from the TEM pictures and this value of C33, it is possible to use the law of mixtures to calculate the cell wall modulus.
Performing these calculations [4] gives the values shown in Table 1 . The value for the cell wall density (2850 kg/ m 3 ) is in line with values forasolid barrier film (3000 kg/m 3 ) [6] . Putting these values into Nielsen's model using an assumed value of 0.2256 for the Poisson's ratio of the cell wallmaterial [3] , values for other elastic constants are estimated. Theseare shown in Table 1 as weiL Low frequency oblique incidence reflection coefficient measurements are valuable in this study because they depend on all the elastic constants in the oxide layer except C66• The technique has been shown to agree with theoretical predictions of reflection coefficients from embedded interfaces to within 5% [5] . The principle is to use two transducers aligned at the same angle to the specimen in a pitch-catch configuration. The probes bad a centre frequency of 10 MHz (useable bandwidth: 5 to 15 MHz). The transmitting transducer sends a longitudinal wave through the water at a selected incident angle from the vertical. The signal undergoes refraction and mode conversion at the interfaces between the water and aluminum substrate, including the interface with the oxide film. The receiving transducer must be located and oriented according to which echo is being exarnined. The signal gated and analysed in this work was the longitudinal incident-longitudinal reflected (LL). Figure 2 shows the results from the specimen with a 90 11m thick oxide layer for a longitudinal-longitudinal oblique incidence (LL) reflection coefficient measurement. Also shown on the plot are predicted curves for a 90 11m thick film with elastic constants as shown in Table 1 and with values of C11 varying from its value of 121 Gpa in Table 1 up to 135 GPa. It can be seen that the results show good agreement with the predicted curve but indicate a value of C 11 which is closer to 130 GPa than the previous estimate of 121 GPa. Generation of predicted curves using various values of C 13 and C55 show that this system is not very sensitive to variation in these constants. Therefore, the acoustic microscopy measurements provide the only independentcheck on the value of C55 .
ACOUSTIC MICROSCOPY Experiments
Acoustic microscopy measurements have been taken on non-epoxy coated specimens which have minimaloxidefilm (electropolished) and with porous films ofthicknesses 1, 2, 5, 10, 20, 35 and 50 I-LID. Measurements on all specimens were taken at frequencies of225 MHz and 980 MHz. A selection of specimens have also been measured at intermediate frequencies of 330 MHz and 576 MHz. Additionally, measurements at 225 MHz were taken on samples with oxide films of similar thicknesses which were covered with a layer of epoxy of nominal thickness 15 11m.
The measured Rayleigh wave velocity on the thick oxide films is approximately 3610 rn/sec. The velocity predicted using the constants from Table 1 is 4195 rn/sec. The elastic constant with the greatest influence on the surface wave velocity is C55 . A direct solution to the problern of an interface wave along a water half-space/oxide half-space shows that if all other values are held constant, Cs5 has to be reduced from 51 to 35 GPa to obtain the correct surface wave velocity. There are at least three possible explanations for this discrepancy. Firstly, the porosity of the oxide film has been assumed to be constant (20%) when in fact it is higher at the surface ofthe oxidefilm (-30%) where the Rayleigh wave propagates. Secondly, the value for the Poisson's ratio of alumina (0.2256) which has been used is very low. Thirdly, the prediction of C55 from the Nielsen model is higher than that predicted by other models [7] . Each of these factors tends to increase the estimate of C55 . Using a porosity of 30%, a Poisson's ratio of 0.3, and the Adamsand Doner model, the estimated value of C55 is 37.3 GPa and the predicted Rayleigh velocity is 3720 rn/sec. Figure 3 shows the surface acoustic wave (SA W) velocities on the non-epoxy coated samples measured at various frequencies as a function of frequency-thickness product. There is good agreement between measurements taken at all frequencies, except for the 980 MHz lens which gives slightly elevated values for the velocities at low frequencythicknesses. The plot also shows a predicted dispersion curve for the phase velocity of the SA W for this layered system (water/porous oxide/superpure aluminum). This curve was produced by software developed at Imperial College by Lowe [8] using the values for the oxide properties found in Table 1 Figure 4 shows the velocities of the acoustic wave at the surface of the oxide film for the epoxy coated samples measured at 225 MHz as a function of frequency-thickness product. Also included on the plot is a predicted dispersion curve showing the phase velocity of this wave versus frequency-thickness for this layered system (epoxy/porous oxide/superpure aluminum). The properties of the oxide film with epoxy in the pores were calculated with the Nielsen model using the Table 1 oxide cell wall properties and measured bulk epoxy properties. The curve is similar to that for the non-epoxy coated specimens. This is not entirely unexpected since this mode is similar to the surface wave generated for Figure 3 . The physical differences between the two systems are the layer of epoxy ( 15 Jlm) covering the oxide and the fact that epoxy is filling the pores in the oxide instead of water. The density of water and epoxy is sirnilar and, while epoxy does have a low shear modulus compared to zero for water, it is negligible when compared with the shear modulus of the oxide. For these reasons, the velocities and shapes of the two curves are sirnilar.
AM readings can also be used to estimate the attenuation of the SA W and this value can then be used to estimate the density of the film [9] . These tests gave an estimated film density of 2210 kg/m 3 • This agrees well with the calculated film density from the reflection coefficient measurements ( air filling the pores instead of water) of 2280 kg/m 3 • Another density measurement of a 10 Jlm thick oxide layer by Rutherford Backscattering (RBS) gave the value 2100 kg/m 3 ± 5%. Therefore, all density measurements agree to within 7%.
CONCLUSIONS
The TEM results show that the transversely isotropic physical model is consistent with the OAA films used and allows estimation of the porosity of the films.
Normal incidence low frequency ultrasonic reflection coefficient measurements produce a value for oxide film density which agrees well with those obtained from RBS measurements and AM measurements. The cell wall density derived from measuring the film density and porosity is in line with values for a solid barrier film. Oblique incidence low frequency ultrasonic reflection coefficient measurements show excellent agreement with predicted curves produced by the Nielsen model when the TEM porosity and normal incidence ultrasonic measurements are used as input.
Acoustic rnicroscopy measurements produce dispersion curves for surface wave velocities which show excellent agreement with the form of the predicted curves and allow C55 to be estimated. The tests accurately measured surface wave velocity differences for oxide films of the thickness used in industry.
